A technique of hydrophobic surface design with a high degree of structural homogeneity has been developed for catalytic materials. Mesoporous activated carbons and silica gel were modified by (A) treatment with vinyltrimethoxysilane (vtms) or (B) chlorination with carbon tetrachloride followed by reaction with a Grignard reagent. Evidence for silica gel modification was obtained from FT-IR and 13 C NMR spectroscopy and from elemental analysis. Carbons chemically modified with alkanes and olefins were studied using thermogravimetry (TG) and the results compared with those for the modified silica gel. TG and differential scanning calorimetry (DSC) revealed that the polymerisation of vinyl groups occurred on the carbon surface. The participation of the carrier surface in the initiation of radical processes has been discussed.
INTRODUCTION
Traditionally, many supporte catalysts are obtained by the impregnation of carriers with metal compounds (L'Argentiere et al. 1998) . Most attention is usually given to the textural characteristics of the carriers and the nature of the supported metal.
Heterogeneous catalytic transformations of organic molecules, however, are sensitive to the factors promoting adsorption and migration of these molecules on the carrier surface and in the interfacial layer (Buck et al. 1993; Miki and Sato 1993) . It appears that these factors are determined not only by the nature of the active centres (polarity, electron donating or accepting properties, acidity, etc.), but also by the whole surface hydrophobicity and organophilicity which should be considered as macroeffects. Bimodal carriers have both hydrophobic groups for better adsorption of reactants and hydrophilic centres for metal immobilisation. The major problem with bimodal supported catalysts is surface clustering, i.e. hydrophobic or hydrophilic sites merging together to form larger hydrophobic and hydrophilic zones. These zones often remain separated and prevent reactant migration to the active centres. Such a distribution does not promote a better migration of reactants to the active centres.
Thus, an efficient catalyst for the transformation of organic molecules should have hydrophilic sites evenly distributed on the surface, i.e. the topography of the catalyst should be controlled at the † First presented at the 4th Polish-Ukrainian Symposium on Theoretical and Experimental Studies of Interfacial Phenomena and their Technological Application, Lublin, Poland, 1-3 September 1999. *Author to whom all correspondence should be addressed.
microscale. To date, the mutually exclusive requirements of high surface hydrophobicity and the presence of active hydrophilic groups on the catalyst surface have not been satisfied.
Design of such systems may be based on the biomimetic approach since it is known that many active enzymes consist of a hydrophobic protein matrix with local active centres of different chemical nature (polar groups, clusters of metals with different nuclearity and structure, etc.) (Berezin and Martinek 1977) .
The uniform distribution of surface hydrophilic centres in hydrophobic environments may be referred to as a 'mosaic distribution'. While synthesising such carriers, their complete surface hydrophobisation is the most critical stage.
The hydrophobisation of catalyst surfaces and the investigation of its effect on adsorption are the aims of the present work.
Among other materials, activated carbons (ACs) are very versatile as catalyst supports. Due to the presence of fused aromatic rings, ACs have unique hydrophobic properties and an unrivalled adsorption capacity towards organic molecules. Therefore, the use of ACs as a catalyst support in organic reactions offers potential advantages over other commonly used carriers such as SiO 2 and Al 2 O 3 (Radovich and Rodriguez-Reinoso 1997) . Having electron-donating properties, ACs can also stabilise transition metals in low valence states. Modification of the carbon surface, particularly hydrophobisation by the grafting of non-polar groups, may improve their performance in reactions with non-polar species as well as increasing their selectivity in reactions.
EXPERIMENTAL Preparation and analysis of samples
The hydrophobisation of carbon surfaces for use as catalyst carriers has not yet been explored. Currently, charcoal modification is performed by surface oxidation (Gomez-Serrano et al. 1994; Nosyrev et al. 1996) or by treatment with sulphating, nitrating or halogenating agents (Wenling et al. 1996) . In some cases, oxygen-containing groups are removed from the charcoal surface by thermal treatment in argon or an argon-hydrogen mixture (Menendez et al. 1997) .
In the present work, polymer-pyrolysed mesoporous activated carbon SCN (Lahaye et al. 1999 ) and charcoal KAU from fruit stones (Strelko et al. 1998 ) made in-house were modified as follows. To increase the surface density of hydroxy groups and reduce the amount of uncontrolled impurities, all ACs were oxidised with hydrogen peroxide. Thus, 500 ml of 15% hydrogen peroxide was added to 10 g of AC and the mixture refluxed for 1 h. After that, the carbon was filtered off, thoroughly washed with water and air-dried. The presence of oxidised groups on the carbon surface was confirmed by IR spectroscopy.
ACs obtained by the aforementioned process were decarboxylated by heating at 450ºC in an inert atmosphere for 1 h until no further CO 2 evolution was detected in the IR spectra. The total amount of CO 2 released was 0.4-0.7 mmol/g. To remove keto groups from the carbon surface, the materials were reduced by treating the ACs with sodium borohydride.
(1) Thus, 0.5 g of sodium borohydride was added to a stirred suspension consisting of 5 g KAU in 100 ml of anhydrous methanol. The mixture was stirred for 4 h at room temperature, then 100 ml of water was added, the mixture boiled for 10 min and then cooled. The hydroxylated carbon was separated and thoroughly washed. After treatment of the carbon with NaBH 4 , the absorption band at 1585 cm -1 in the IR spectrum had disappeared. The origin of this band is the subject of controversy (Zawadzki 1995). It has been assigned to: (a) C=O groups highly conjugated in a quinone-like structure; (b) aromatic ring stretching frequencies, whose intensity is enhanced by the presence of phenol or ether groups; (c) C=O ion-radical structures; and (d) the carboxylate anion (AcedoRamos et al. 1993) . Assuming that carbon surface functional groups behave in a similar manner to their analogues in organic molecules, the band at 1585 cm -1 can be assigned to carbonyl groups of the quinone type since only they are reduced with sodium borohydride.
The final hydrophobisation of the carbons and the hydrophobisation of silica gel (Kieselgel 100, Merck) was carried out by one of two methods: (A) treatment with vinyltrimethoxysilane in toluene at 125ºC or (B) chlorination with CCl 4 followed by the reaction with a Grignard reagent. The Grignard reagent was prepared by adding 4-bromo-1-butene or 1-bromobutane (2 mmol/g adsorbent) in Na-dried ether to an excess of Mg turnings (4 mmol/g adsorbent). Details of these procedures have been given elsewhere (Clark et al. 1997) . Chlorination was performed by treatment with CCl 4 vapour in argon at 350-500ºC for 1 h. The kinetics of AC chlorination with CCl 4 was studied using FT-IR spectroscopy by measuring CO 2 and COCl 2 evolution according to the reaction:
Elemental analysis showed that 4 mmol/g of chlorine was present on the carbon surface after treatment with CCl 4 . Chlorinated samples of AC were treated further with Grignard reagent.
(3)
Surface area and pore size distribution were determined from N 2 adsorption/desorption data obtained with an SA 3100 analyser and from C 6 H 6 adsorption/desorption data obtained using an apparatus made in-house. TG analyses and DSC were carried out simultaneously using an STA 409C analyser. The heating rate employed was 10ºC/min from 20ºC to 1000ºC under a flow of nitrogen (100 ml/min). IR spectra were recorded on a Perkin-Elmer 1720 FT-IR spectrometer.
RESULTS AND DISCUSSION
Unlike silica gel, information about the composition of functional groups on the carbon surface is much more uncertain. It is difficult to prove that the covalent grafting of functional groups to the carbon surface has been successful.
In an attempt to solve this problem, we have developed a comparative method for the analysis of the activated carbon surface which includes the following: The following samples were synthesised: (1) silica gel and ACs modified with vinyltrimethoxysilane, i.e. SiO 2 vtms, SCNvtms and KAUvtms, respectively; (2) silica gel and ACs modified by treatment with CCl 4 (T = 350ºC) followed by reaction with RMgBr, where R is 4-bromo-1-butene, i.e. SiO 2 butene and SCNbutene; and (3) KAU modified by treatment with CCl 4 (T = 350ºC) followed by the reaction with RMgBr, where R is 1-bromobutane, i.e. KAUbutyl.
Indirect evidence that functional groups have been grafted on the carbon surface is provided by comparing the surface properties of the initial and modified samples (Figures 1 and 2 and Table 1 ). Both the surface area and micropore volume decreased in the modified ACs. The most significant micropore volume decrease occurred in pores with diameters less than 1-2 nm, which correspond to the dimensions of the fixed groups.
TG and DSC data for some modified samples of silica gel and ACs are given in Figures 3-5. These data, obtained simultaneously with registration of the products of thermal decomposition by IR and mass spectroscopy, provide more direct information about the presence of functional groups covalently bound to the carbon surface. DTG curves for SCNvtms have maxima at temperatures about 350ºC below those for SiO 2 vtms (Figure 3) . The IR spectra of the decomposition products for SiO 2 vtms and SCNvtms differed significantly. However, after treatment of both materials under reduced pressure at 120ºC for 24 h, their decomposition temperatures increased and the IR spectra of the decomposition products became similar. Evidently, prolonged heating of the samples in a vacuum promoted covalent fastening of vinyltrimethoxysilane to the SCN surface. TG and DSC data for SCNvtms and SiO 2 vtms are given in Figures 3 and 4 . Four species of vinyltrimethoxysilane were found on the surface of both materials (Figure 3 , peaks A -A . Desorption of some of the vtms species was accompanied by a thermal effect (Figure 4) . The decomposition temperatures of these species and their contribution (a) to the overall desorption are listed in Table 2 . Temperatures corresponding to the peaks on the DTG curves for SiO 2 vtms and SCNvtms were identical, thereby confirming that bonding of the vinyltrimethoxysilane with the SCN surface was similar to its covalent bonding with the silica gel surface. In the case of silica gel, the temperature at which the maximal thermal effect was observed corresponded to the temperature of the biggest mass change (peaks A and A , respectively). For activated carbon, the highest thermal effect was observed at a temperature ca. 170ºC below that for the sharp mass loss. It can be assumed that, at temperatures around 550ºC, vtms polymerisation occurred along with its thermal decomposition (peak A ). This process was more significant for SCNvtms. The vtms polymerisation products were desorbed at the higher temperature (peak A ).
It is thus possible to suggest that vtms forms two different phases: (i) inside pores (A and A peaks correspond to this phase) and (ii) outside pores (A and A peaks correspond to this phase). Upon heating, vtms undergoes decomposition (peaks A and A ) and polymerisation. The latter is possibly initiated by radicals generated on the surface. The A and A peaks may be attributed to the decomposition of the polymeric species.
The relatively low activation energy (20 kJ/mol) of the reaction for both ACs and silica gel suggests that interaction between CCl 4 and surface OH groups may involve free radicals. The results of the elemental analysis of chlorinated AC show a high content of chlorine in the sample. This may be explained by the formation of surface -CCl 3 groups as well as -Cl groups.
TG analysis of silica gel and ACs modified via route (B) with 4-bromo-1-butene suggests that the mass loss of AC samples was due to the desorption of butene ( Figure 5 ). This mass loss corresponded to the evolution of 0.8 mmol butene/g carbon or SiO 2 . It is noteworthy that the temperature dependence of the mass change for both silica gel and ACs was very similar. Three maxima were observed at ca. 400ºC, 600ºC and 750ºC. The decomposition of organic compounds on the surface at high temperatures (600-800ºC) suggests the formation of a polymeric film.
TG analysis of KAUbutyl with mass spectrometric registration of products showed two peaks at 135ºC and 225ºC for both butyl and ethyl radicals (Figure 6 ). Peaks at 225ºC favour the view that alkyl groups were fixed covalently on the carbon surface. The presence of ethyl radicals at higher concntrations than butyl radicals in the mass spectra supports the hypothesis of a radical reaction on the AC surface at high temperature.
At high temperatures, the carrier surface can act as an initiator of radical processes. This suggestion was confirmed by the difference in thermal stability of the samples modified by alkyl radicals (KAUbutyl) and the samples modified by unsaturated compounds. Major mass losses in the case of SCNvtms, KAUvtms, SiO 2 butene and SCNbutene occurred at considerably higher temperatures than for KAUbutyl. This phenomenon can be explained by the polymerisation of the grafted unsaturated functional groups (vtms and butene) due to the action of radicals initiated by the surface groups of the samples.
The ability to generate radicals on the surfaces of silica gel and activated carbons can influence the mechanism of reactions which take place in the presence of supported catalysts.
CONCLUSIONS
It has been shown that the hydrophobisation of activated carbons can be achieved by treatment of the surface phenolic groups with vinyltrimethoxysilane or by treatment of chlorinated phenolic groups with a Grignard reagent. It has been found that the thermal decomposition of organic groups on the activated carbon surface is similar to the behaviour of the surface functional groups on silica gel. The carrier surface can act as an initiator of radical processes.
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